Abstract: Urease has been covalently immobilized on polypyrrole microspheres chemically linked to conducting polypyrrole-polyvinyl sulfonate (PPY-PVS) films. These films were electrochemically prepared during 5 -7 min at a constant current of 2 mA using indium -tin oxide (ITO) glass plates as the working electrode, and a standard calomel electrode as the reference electrode. Urease covalently linked to polypyrrole microspheres (by reaction of protein amino groups with aldehyde groups on the surface of the microspheres) was entrapped/adsorbed onto electrochemically prepared conducting PPY-PVS films deposited on ITO. Potentiometric measurements undertaken on these conducting polymer electrodes using an ammonium ion analyzer reveal that they can be used for estimating the urea concentration in solutions from 5·10 -3 mol/l to 6·10 -2 mol/l.
Introduction
Estimation of blood urea nitrogen (BUN) is highly relevant to determine the state of kidney functions. Though laboratory methods are available, including colorimetric and kinetic ones, yet they are tedious and time-consuming. Besides this, they can only be performed in serum thereby requiring a considerable volume of blood. Biosensors are presently gaining interest for the determination of various analytes including BUN in whole blood. This is attributed to their reliability, faster response and accuracy including the lack of interference from color and other analytes routinely found in blood. A number of biosensors based on electrical conductivity [1] , potentiometric [2, 3] and amperometric measurements [4, 5] have been described for the determination of urea. None of these methods has, however, as yet come into routine clinical application. Recently, an enzyme-field-effect transistor (ENFET) has been described [6, 7] , which depends upon the detection of pH changes due to an enzymatic reaction, as well as the detection of ammonium ions with an ammonium ion-sensitive fieldeffect transistor (ISFET). A urea sensor based on the integration of a combined ammonium based urea ENFET on a single chip has also been reported.
An essential prerequisite for the development of a biosensor is the immobilization of its biological element in such a way that it retains its activity and is quite stable in its matrix. The technique of immobilization of enzymes has experienced a phenomenal growth in the recent past, as it overcomes various limitations in the analytical use of enzymes in aqueous solutions. The free enzyme can be immobilized by trapping it in an inert matrix such that the immobilized enzyme retains its catalytic properties for a much longer duration, is stable over wider ranges of temperature and pH and can be re-used for several analyses over a period of time. The use of polypyrrole microspheres for the immobilization of urease on a polypyrrole-polyvinyl sulfonate matrix is significant since it has been shown that electro-polymerized PPY on Pt shows a Nernstian response to pH changes [8] . In this context, several urea biosensors have been reported based on a PPY/urease film dependent on a change in pH caused by the hydrolysis of urea [9] [10] [11] . The use of microspheres is known to enhance the loading of an enzyme , since the surface area available for its immobilization can be increased many times as compared to plane and smooth surfaces. The surface of a typical microsphere is very large (1 g of microspheres with diameters of 100 nm has a surface close to 60 m 2 ) allowing for the adsorption and/or covalent immobilization of large amounts of bioactive material. Besides, electrodes modified by the attachment of polymer films or gels with physically entrapped enzymes usually suffer from enzyme leaking. These disadvantages can be avoided using films with embedded polymer microspheres, bearing at their surfaces the covalently attached enzymes. Owing to their bulkiness, the microspheres can remain permanently entrapped within the film layer. Many types of microspheres are known onto which proteins can be immobilized in a way leading to a sufficient extent of retention of their biological activity. However, for each type of polymer film one has to select the microspheres taking into account their expected compatibility with the film matrix. Hence for a PPY-PVS film-based matrix, PPY microspheres were used.
Polymer micropheres have been extensively studied as carriers of bioactive compounds, in particular as carriers of proteins and oligonucleotides [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In many instances the particles bearing antibodies (or antigens) were used for diagnostic purposes, most often for simple aggregation tests [23] [24] [25] [26] [27] [28] [29] [30] . However, properties of polymer microspheres indicate that these particles could be considered as interesting and valuable materials for more complex diagnostic devices including biosensors. In the last few years, methods suitable for the immobilization of microsphere monolayers on quartz and glass supports have been developed. These methods could be used to create elements of sensors for optical detection [31, 32] . PPY microspheres can be conveniently used for the preparation of electrodes for amperometric and/or potentiometric biosensors by adsorption or entrapment on ITO glass plates coated with electrochemically prepared PPY-PVS films.
In the present paper an electrode is been reported for the measurement of urea, based on urease covalently attached to polypyrrole microspheres linked to conducting polypyrrole -polyvinyl sulfonate films.
Results and discussion

Microspheres with immobilized urease
A scanning electron microscope (SEM, JEOL 550 LV) and a quasi-elastic light scattering apparatus (Zetasizer 3000 Hsa, Malvern) were used for the characterization of micropheres before and after functionalization. Number-average diameters of microspheres (D n ) measured by SEM before and after functionalization were estimated as 92 ± 5 nm and 88 ± 4 nm, respectively. Polydispersity factors (D w /D n , ratio of the weight-and number-average diameters) for particles were determined as 1.073 and 1.045 before and after functionalization, respectively. It may be noted that for identical particles D w /D n = 1. SEM measurements indicate that within the experimental error, diameters of microspheres do not change as a result of functionalization. Quasielastic light scattering studies indicate that in suspension the microspheres were aggregated. The hydrodynamic radius of these aggregates equals 233 nm. Apparently, the formation of a negatively charged adlayer of polyacrolein on the positively charged polypyrrole particles reduced the electrostatic interparticle repulsion leading to particle aggregation. After functionalization, microspheres aggregated forming two sub-populations, one containing aggregates with diameters of 355 nm and the other with diameters of 1490 nm. Evidently, attachment of urease, a polyelectrolyte, further decreased the stability of the particle suspension. The plot is typical of adsorption processes in which adsorbed molecules occupy a certain space and thus reduce the surface available for the adsorption of new ones.
Response characteristics and stability
The effect of pH on the activity of free urease (in solution) and on the activity of urease-PPY microspheres immobilized on PPY-PVS films is presented in Fig. 2 . It can be seen that a small shift in the optimum pH occurs in case of urease-PPY microspheres (optimum pH 7.2, as compared to the free enzyme in solution, optimum pH 7.0). It is interesting to see that the rise and fall in activity was more gradual on both sides of the pH optimum in the immobilized state, which is due to the higher stability of the enzyme in this state [7] . Displacements of pH/activity profiles are known to be due to the partitioning of protons effected by the presence of ionized groups on the polymer matrix as well as to the limitation of substrate diffusion. Therefore, a lower shift was observed in the case of immobilized urease-PPY microspheres as compared to the free enzyme entrapped in a polymer matrix [33] . The effect of a negative charge due to PVS as well as partitioning effects due to multilayers of polymers are negated in the case of urease-PPY microspheres as the surface concentration of enzyme increases many times and also some of the enzyme attached to the distal surface of entrapped microspheres is not in direct contact with the polymer film. A good linear correlation between the potential sensed by an ammonium ion selective electrode and the urea concentration was obtained in the range from 5·10 -3 to 5·10 -2 mol/l when this electrode was used. Two linear ranges were obtained, viz. 0 to 4·10 -3 mol/l and 5·10 -3 to 6·10 -2 mmol/l (Fig. 3) . K m app for the higher range was found to be less than that for the free enzyme in solution, indicating the apparent ease with which enzyme and substrate can come into contact with each other owing to the higher concentration of urease per unit area of electrode. Fig. 4 illustrates the dependence of urease activity on time for various urea concentrations. It is worth noting that urease activity measurements of the urease-PPY/PPY-PVS electrode were carried out as a function of time up to about 5 min. However, each time a constant value (saturation) was obtained after about 100 s for a given concentration. The leaching was found to be about 5 -10% for the entrapped enzyme over a period of one week in solution, whereas in the case of urease-PPY microspheres it was reduced to 5% over a period of one month in solution. This enhanced retention in the polymer film is likely to be due to the bulkiness of the microspheres. The half-life of this electrode was found to be 40 days. These electrodes were thermally stable between 25 -50°C, although a reduced activity was observed above 42°C.
The response time of this electrode was 40 s as compared to urease entrapped in a PPY-PVS electrode where the response time was 60 s. The reduced response time can be attributed to the enhanced loading of urease in this electrode. The detection limit and the sensitivity of this electrode were 10 mg/dl and 12 mV/decade, respectively. The same electrode can be used for as many as 10 experiments.
Conclusions
It has been shown that an enhanced loading of urease on PPY-PVS films can be reached by the immobilization of polypyrrole microspheres with covalently linked urease. It has also been revealed that the urease-PPY/PPY-PVS electrode exhibits a reduced response time, has a half life of about 40 days and shows thermal stability up to 50°C. Ranges of linear variation of the electrode potential with urea concentration reveal its usefulness as a urea biosensor.
Experimental part
Synthesis of polypyrrole microspheres with aldehyde groups
Polypyrrole microspheres were synthesized with aldehyde groups on their surface layer suitable for the covalent immobilization of proteins by Schiff linkage formation between aldehyde groups of the microspheres with protein amino groups [34] . Polyvinyl-N-pyrrolidone (1.6 g, K30, Aldrich) was dissolved in 400 ml of three times distilled water. The solution was deaerated in a flask by bubbling with nitrogen. Thereafter, freshly distilled pyrrole (8 g, Aldrich) and FeCl 3 · 6 H 2 O (70 g) were added to this solution. The mixture was stirred for about 24 h under nitrogen at room temperature. Next, the synthesized microspheres were separated with a centrifuge and re-dispersed in pure water. The centrifugation and re-dispersion sequence was repeated at least three times. The final suspension (80 ml) contained 6.5% w/v of polypyrrole microspheres. These microspheres were equipped with aldehyde groups by building a polyacrolein adlayer on each of them. For this purpose, 0.2 ml of the freshly distilled acrolein (Aldrich) and 0.05 g of K 2 S 2 O 8 were added to 100 ml of microsphere suspension containing 1.2 g of solid. The mixture was purged with nitrogen after which the polymerization of acrolein was carried out in the stirred mixture at 65°C for about 30 h. The functionalized microspheres were purified by four times repeated centrifugation and re-dispersion in triple distilled water.
The surface concentration of aldehyde groups on the functionalized microspheres available for the reaction with compounds bearing amino groups was evaluated by depletion of 1-aminopyrene from ethanol solution incubated with the microspheres. Typically, 2 ml ethanol solution with 1-aminopyrene (1.6·10 -3 mol/l) was mixed with 2 ml of microsphere suspension containing 1.11·10 -2 g of microspheres. The concentration of 1-aminopyrene in the initial solution and in the supernatant, after microsphere removal by centrifugation, was determined spectrophotometrically (ε 360 = 15800 l·mol -1 ·cm -1 ). For the synthesized polypyrrole microspheres with polyacrolein adlayer, the concentration of aldehyde groups available for reaction with 1-aminopyrene was found to be 7.93·10 -7 mol per 1 g of microspheres.
Immobilization of urease on microspheres
The enzyme (urease) was immobilized on microspheres (0.31 g) by incubating them with urease (type II from Jack beans, 16 000 units/g solid, Sigma) in 2.5 ml of phosphate buffer with pH 7.4. The initial concentration of urease enzyme in the mixture was varied from 2.2·10 -4 g/ml to 4.3·10 -3 g/ml. The incubation was carried out for about 24 h at room temperature. The amount of attached urease (A Urs ) was evaluated from the difference of the enzyme concentration in initial solution and in supernatant after removal of microspheres by centrifugation. The concentration of the enzyme was determined spectrophotometrically by measuring the absorption at 278 nm (absorption due to tryptophan and tyrosine in protein molecules). The total surface of 0.31 g of microspheres (S) exposed to contact with the enzyme was evaluated knowing their density (1.36 g/cm 3 ) and number average radius (92 ± 5 nm) determined from SEM microphotographs. Finally, the surface concentration of attached urease (Γ Urs ) was calculated as the ratio A Urs /S.
Immobilization of urease-microspheres on PPY-PVS film
Conducting polypyrrole-polyvinyl sulfonate films were electrochemically deposited on ITO glass plates serving as the working electrode (WE), platinum (Pt) as the counter electrode, and a standard calomel electrode (SCE) as the reference, from a solution comprising pre-distilled pyrrole (0.1 mol/l) and PVS (0.1 mol/l) at a constant current (2 mA). Electro-polymerization was carried out for about 15 min to get a thick film. Immobilization of urease-microspheres onto PPY-PVS films was accomplished by electrochemical entrapment for about 12 min after the film deposition started. Urease immobilized onto polypyrrole microspheres (by reaction of protein amino groups with microsphere surface aldehyde groups; [urease] = 1.15 mg/m 2 of the surface of microspheres) was also physically adsorbed on electrochemically prepared conducting polypyrrole-polyvinyl sulfonate films deposited on ITO. Potentiometric measurements on these electrodes were conducted as a function of urea concentration. Urease covalently attached to polypyrrole microspheres was also characterized using UVvisible spectroscopy.
Determination of the activity of urease immobilized directly on a PPY-PVS film and/or immobilized on microspheres embedded into a PPY-PVS film
The urease activity in the immobilized state was measured with an ammonium analyser (AR 25, Fisher) using a glass cell containing phosphate buffer (0.1 mol/l, pH 7.0). The urease-PPY/PPY-PVP electrode (urease-PPY microspheres immobilized on a PPY-PVS film) and the ammonium sensitive electrode were kept 1 cm apart. Different concentrations of urea (substrate) were added in the presence of an electrode with immobilized urease. The observed change in potential across the urease-PPY/PPY-PVS electrode and the ammonium ion sensitive electrode has been attributed to the presence of active urease and used as a measure of urease activity. The activity of urease adsorbed on a PPY-PVS film was determined in the same manner. The formation of ammonium ions (determined with the ammonium analyser) was also used as a measure of the activity of free urease in solution. For our studies of enzyme activity as a function of pH, the appropriate buffers have been used.
